Associative learning produces conditioned stimulus (CS)-specific plasticity of frequency receptive fields (RFs) in the auditory cortex; responses to the CS frequency are increased, whereas responses to other frequencies are decreased. This study determined the effects of habituation on the RF of neurons in the auditory cortex of the guinea pig (Cavia porcellus). One frequency was presented repeatedly (REP) followed by redetermination of the RF. After REP, 26/36 (72%) RFs exhibited a substantial reduction (70-75%) of response to the repeated frequency, and this was highly specific (bandwidth less than 0.125 octave). This RF plasticity involves an initial decrease in response during REP but does not require attenuated responses at the end of REP. Incubation (i.e., development over time after cessation of REP) and long-term frequency-specific effects are evident. Thus, habituation induces a specific change in the processing of frequency information rather than a general reduction in responsivity.
Habituation, sensitization, and Pavlovian conditioning are three basic forms of learning. In the past, most neurophysiological studies of learning have been concerned with possible changes in neuronal responses to relevant stimuli, for example, decreased responses during habituation, increased responses during sensitization, and increased or decreased responses during conditioning. Such changes in response permit conclusions about alterations in neuronal excitability. These findings constitute a corpus of fundamental work that has been responsible for much progress in understanding the neural bases of learning. They also provide the basis for an additional step, that of determining the nature and extent of modification of information processing and the representation of stimuli and events during learning.
To contrast the difference between changes in excitability and changes in the processing of information, consider the following. If neuronal responses to a conditioned stimulus (CS) are increased during Pavlovian conditioning, then (given proper controls) such enhanced responsivity is reasonably taken as evidence of increased excitability due to associative processes. However, increased response to the CS during This research was supported by Office of Naval Research Grants N00014-87-K-0433 and N00014-9 l-J-1193 and an unrestricted grant from the Monsanto Company.
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conditioning is insufficient evidence that learning modifies the processing of information about the CS because the change could be caused by either of two processes: (a) a general increase in response to all or many stimuli, one of which is the CS; or (b) a specific increase to the CS with no change or even decreased response to other stimuli.
If a general process were responsible for the increased response to the CS, then the processing of specific information about this stimulus (e.g., its wavelength, frequency, etc.) would not have been modified during learning. In contrast, if a specific process were responsible for increased response to the CS, then learning would have altered how CS information is processed. Similar considerations apply to issues concerning the possibility that the representation of the CS is altered by learning, for which behavioral evidence is accumulating (e.g., Holland, 1990) .
To determine which of the two processes is responsible for changed neuronal response during learning, it is necessary to determine responses to many stimuli along a dimension, not only to the CS, before and after learning. Receptive field (RF) analysis, long used in sensory neurophysiology, meets this requirement. Before training, the RF may be determined using many stimuli along a dimension, one of which is the same as the stimulus to-be-used as the CS. After training, the RF is redetermined. Ifa general process is at work during learning, then RF analysis should reveal it as a general or broad increase across the stimulus dimension, not limited to the CS. In contrast, if learning involves a specific modification of information processing, then responses to stimuli other than that of the CS should be unchanged, perhaps even reduced, whereas increased response would be largely limited to the stimulus used as the CS.
This combination of methodologies from learning and sensory neurophysiology has been applied to neurons in the auditory cortex of the cat during Pavlovian conditioning of 416 the pupillary dilation response. A pure tone stimulus was used as the CS, and the frequency RFs were determined before and after training. The results revealed a highly specific change at the frequency of the CS, thus supporting the view that associative learning involves the modification of specific information about the CS (Diamond & Weinberger, 1986 .
More detailed studies of the RFs of neurons in the auditory cortex of the guinea pig have replicated and extended these findings. Of particular note, responses to the frequency of the CS were increased, whereas responses to other frequencies, including the pretraining most effective frequency (the "best frequency," BF) were generally decreased. In many cases, these opposing changes were so great that the frequency used as the CS became the BF after training; that is, the actual tuning of the neurons was shifted to that of the CS frequency. Of particular interest, animals trained in a sensitization paradigm (tone, shock unpaired) did not develop frequencyspecific RF plasticity but rather developed a general, broad increase in response to frequencies across the RF (Bakin, Condon, & Weinberger, 1988; Bakin & Weinberger, 1990) .
Therefore, sensitization and conditioning involve basically different modes of modification of responses to acoustic stimuli at the level of the auditory cortex. This raises the question about the third basic form of learning, habituation. Because habituation is characterized by a decreased response to a repeated stimulus, is this decrease due to a general reduction in neuronal excitability or does it reflect an underlying specific modification in the processing of information about that stimulus? To resolve this question, the RFs of neurons in the auditory cortex were determined before and after repetition of a single tonal frequency.
Method

Subjects and Surgical Preparation
The subjects were 15 male Harfley guinea pigs (Cavia porcellus) obtained from Hilltop Farms (Scottdale, PA), 1-3 months old (250--450 g) at the time of surgery. They were housed 2-3 per standard guinea pig cage within the vivarium on a 12:12-hr light--dark cycle (lights on at 6:00 a.m.). Recording sessions were done during the light part of the cycle.
Animals were pretreated with atropine sulfate (0.02 mg/kg ip) and then deeply anesthetized with sodium pentobarbital (35 mg/kg ip). Supplements of pentobarbital were administered as needed to maintain a state ofareflexia. Body temperature was maintained at normal levels with a circulating hot water pad. After placement of the subject in a Kopf stereotaxic frame, using blunt earbars to prevent damage to the tympanic membranes, both pinnae were partially removed to permit later placement of a miniature speaker against the entrance to the ear canal without producing discomfort and continual pinna reflexes. A pedestal of dental acrylic was affixed to the calvarium with the assistance of stainless steel screws threaded into burr holes; one of the screws served as a reference for recording. Threaded metal spacers (1.5 cm) were embedded in the pedestal to provide for stabilization of the head without pressure on the animal during recording sessions; head stabilization was necessary to prevent changes in stimulus intensity due to movement. During recording, the spacers were affixed to a metal frame with miniature bolts.
A bone flap over the auditory cortex was removed and an electrode microarray (see next section) was inserted radially into the cortex using a Narashige stepping microdrive (Model SM21, Narashige U.S.A., Greenvale, NY). The array was inserted into either or both of the two major tonotopic auditory cortical fields, which have mirror-image frequency representations (anterior field, rostral--caudal = low to high; posterior field, rostral-caudal = high to low; Hellwig, Koch, & Vollrath, 1977; Redies, Brander, & Creutzfeldt, 1989; Redies, Sieben, & Creutzfeldt, 1989; Robertson & Irvine, 1989) .
Evoked potentials to a click were monitored continually until they exhibited a clear inversion, usually about 1000 um from the surface, at which time the microarray was cemented in place and a subminiature connector was embedded in the pedestal. After surgery, animals were allowed to recover in an incubator overnight before being returned to their home cage. Three days of recovery were allowed before experimentation. Animals were retested as long as satisfactory recordings could be obtained. When this was no longer possible, they were euthenized with an overdose of sodium pentobarbital (100 rag/ kg ip).
Electrodes and Recording
Electrodes consisted of microwires in an array of two rows of five or six electrodes per row. Each microwire (tungsten; 80 um) was insulated with Formvar and placed in a subminiature plastic connector strip. The wires were spaced at 300-600-~m intervals. The array was dipped in Epoxylite and baked 20 min (70 *C), recoated, and baked two more times. Each wire's impedance was adjusted with current in saline to yield an impedance of 4-10 Mfl at 1.0 kHz.
Neuronal discharges were recorded from one electrode during a session. Requirements were a signal-noise ratio of at least 3:1 and stable responses to pure tone stimuli. Signals were amplified and filtered (0.3-3.0 kHz) by a Dagan amplifier (Model No. 2800; Dagan Corp., Minneapolis, MN), and neuronal discharges were detected with a voltage window (Model 13T, SA Systems, San Diego, CA). Waveforms so detected were displayed using a delay line and monitored continuously on a storage oscilloscope. Single units (n = 5) consisted of one waveform, and cluster recordings (n = 30) consisted of approximately two to five waveforms. There were no discernable differences in results for the two types of recording. Voltage detection pulses were monitored and sent to an 11/73 microcomputer (Digital Equipment Corp., Cambridge, MA), which stored the occurrence of all spikes and the acoustic stimulus parameters and presentations. All data were also recorded on magnetic tape (No. 3964; Hewlett Packard Co., Palo Alto, CA).
Acoustic Stimuli for Determination of Receptive Fields
The stimuli were pure tones generated by a Wavetek digital synthesizer (Model No. 5100). Acoustic frequency and intensity were controlled by the minicomputer, and stimulus presentation was provided by a Coulbourne acoustic gate (rise/fall times = 5.0 ms; Coulbourne Instrs. Inc., Lehigh Valley, PA). RFs were determined by repeatedly presenting an ascending sequence of isointensity tones, 10 times. A sequence consisted of 24 tones that spanned the response range of the cells. Each sequence began with a 500-ms period of silence to allow determination of background activity; each tone was 300 ms in duration, intertone intervals were 1,500 ms, and the interval between sequence repetitions was 2,500 ms. Within a recording session, all stimuli were the same intensity level, generally 50-80 dB (SPL). The intensity level used was sufficient to elicit stable discharges to several frequencies within the sequence. Preliminary presentation of test tones was held to a minimum to avoid habituation before the actual beginning of the protocol. Subjects were enclosed within an acoustic room (Model 1202, IAC, Inc., Bronx, NY) to isolate them from spurious sounds.
Procedure and Protocol
On the day of recording, the subject was placed in a hammock, and its head was stabilized by bolting the spacers in the pedestal to a frame. A calibrated speaker (Aiwa) was placed at the entrance to the external meatus contralateral to the recording site. Because the ear canal may introduce nonlinear effects, acoustic levels at the tympanic membrane may not have been the same as those at the entrance to the ear canal, and this could explain some of the tuning curves that had multiple peaks. This was unavoidable because a calibrated mechanical earpiece used to eliminate this problem, routinely used in anesthetized animals, cannot be used in waking animals because of the discomfort that would result. The absence of a calibrated earpiece is standard in waking animals (e.g., Suga, O'Neill, Kujirai, & Mamabe, 1983) . In any event, any such nonlinearities would not be critical for this study because the acoustic stimuli were constant throughout each recording session, and therefore, any RF plasticity could not be attributed to the acoustic stimulation system.
In the event of restlessness (three cases), the experiment was terminated, and the guinea pig was handled and returned to its home cage for use on another day. "i'he 15 subjects yielded data from 35 recording sessions (mode: 1 session/subjec% n = 6; median: 2.5 sessions/subject; range = 1-5 sessions/subjec0. Data were obtained from 3 days to 3 months from the date of surgery.
The overall protocol is summarized in Figure 1A . The effects of repetition of a single tone (REP) on frequency RFs were determined by comparing post-REP RFs with pre-REP RFs. The structure of the stimulus sets that were used to determine the RFs is presented in Figure 1B . First, two frequency RFs were obtained 15 min apart to ensure stability. If these two RFs were obviously different, as indicated by a comparison of their poststimulus time histograms (PSTHs), then a third RF was obtained 15 rain later (n = 9/41). If pre-REP RFs 2 and 3 differed, then the recording session was terminated (n = 6), and the subject was returned to its home cage and used on another day. If two successive RFs appeared to be approximately the same (as judged by visual comparison of their on-line PSTHs, later verified statistically), then a frequency was chosen for the repeated stimulus. This frequency was required to evoke a consistent response but was not necessarily the BF within the tone sequence. The REP series was then given ( Figure 1C) . A single tone was presented repeatedly (300-ms duration, 500-ms intertone interval; i.e., rate of 1.25 tones/s, same intensity as used in the RF determination) a total of 30 times, constituting a repetition set. A total of 13-18 sets were given (interset interval average = 40 s) for a total of 390-540 tones. Immediately after the REP, the RF was determined again.
Following this basic paradigm, the RF was determined every 15 min (n = 21/35 sessions) to assess recovery to pre-REP levels, although no systematic attempt was made to measure recovery beyond 1 hr post-REP. In several cases (10/35), subjects received a second REP within 3 rain after determination of the first post-REP RF because inspection of on-line rasters or PSTH did not clearly indicate a change in this RF. As will be explained in Results, quantitative analysis of the recordings later revealed that the second REP series was unnecessary for the induction of RF plasticity. Regardless of the protocol, there was always a minimum of 15 rain between determination of frequency RFs.
Data Analysis
The neural data were analyzed off-line. An RF consisted of evoked discharges as a function of frequency. To determine evoked discharges, the background (spontaneous) discharges during the 500 ms immediately preceding onset of the first tone in the frequency series was subtracted from the discharges during each tone, to eliminate the possibility that a change in background activity would be mistakenly analyzed as a change in evoked discharge. The evoked activity measured was the prominent onset responses with latencies that were 10-20 ms after stimulus onset and with durations of 20-50 ms. An RF was defined as the average evoked discharge for the 10 sets of 24 frequencies that were presented during RF determinations.
To determine whether the RFs were stable before tone repetition, the first was subtracted from the second, yielding a difference RF function. Stability would consist of a more-or-less random distribution of difference values around zero, across the frequency domain. Statistically, stability was defined as no significant difference between the values of this function and zero, using the Friedman nonparametric test (Siegel, 1956) . Statistical analysis was applied to group data.
To determine the effects of the REP series on the RF, difference RF functions were computed for all post-REP RFs minus the RF immediately preceding the REP (usually RF 2). The post-REP RF that had the greatest absolute difference (increase or decrease) in response to the same frequency used in the REP was selected to compute the difference RF function. The post-REi a RF selected was categorized as an increase, decrease, or no change, based on comparing the magnitude of evoked discharge at the REP frequency to responses to this same frequency in the two pre-REP RFs; if the value exceeded the larger value in the pre-REP RF, it was classified as an increase; if it was less than the smaller value, it was classified as a decrease; if within the range of the two pre-REP RF values, it was classified as no change.
To obtain group difference RF functions, individual RF difference functions were normalized by dividing this difference RF by the absolute maximum value in that difference RF and then multiplying by 100. The equation is as follows:
× 100.
I maximum value from RF(post) -RF 2 I
Therefore, a response to a tone that decreased the most would have a value of -100. These values were cast into a table as a function of distance in kilohertz (or octaves) from the REP frequency, and a group average was calculated. The same type of normalization was done for the pre-REP RF to test for stability before the REP series.
For the REP series itself, the changes in response were normalized as follows. The average response in each set was determined. The first set was designated as the control, and each set average was calculated as a percent of the control. The first and last sets were compared using the nonparametric sign test (Siegel, 1956) , and the REP series was classified as an increase, decrease, or no change.
Results
Overview of Effects of Stimulus Repetition on Receptive Fields
The effects of the REP series (i.e., repetitive stimulation with one tone) on RFs were determined on the basis of responses in the RF to the same frequency used in the REP series. As explained in Method, the post-REP RF showing maximal change at the REP frequency was classified as increase, decrease, or no change.' Data were obtained from a total of 36 recording sessions from 15 animals. The dominant result was a decrease in response. Of the 36 sessions, 26 (72%) were classified as decreases, 3 sessions (8%) were classified as increases, and no change was found in 7 sessions (19%). In the following sections, we will concentrate on the decreases and present findings on the stability of the RFs, the effects of stimulus repetition, the relationship between changes in the REP series and changes in the RFs, and conclude with additional points concerning "incubation," recovery, replicability, and robustness.
Frequency Response Functions: Prerepetition Stability
To determine the stability of the RF preceding the REP, RF 1 was subtracted from RF 2. A typical example is provided in Figure 2 which shows the PSTHs (Figures 2A and 2B, respectively), their corresponding quantified RFs (Figures 2C and 2D) , and their difference RF function ( Figure  2E ). As explained in Method, the evoked activity measured was the prominent onset tone-evoked discharges, the latencies of which were 10-50 ms after stimulus onset. Note the high degree of similarity between the first and second ("Stability") PSTHs and their corresponding RFs. A high degree of similarity is also evident in the difference RF, in which values fluctuate around zero, including that of the frequency later used in the REP series (19.5 kHz; see arrows in Figure   2 ).
Stability of the RF before the REP treatment was assessed statistically for the group-normalized average difference RF function (e.g., RF 2 -RF 1; see Method for details). The data for the 26 sessions for which the REP produced a decrease are shown in Figure 5A . Note the absence of large differences across frequency (distance from the to-be-selected REP frequency), with values tending to fluctuate around zero change. Note also the absence of bias at the frequency that was used later in the REP series (arrow). A statistical analysis of the stability difference RF was not significant for the frequency band centered on the REP frequency _ 3 kHz (Friedman nonparametric test, x 2 = 3.42, df= 6, p > .05). 2 Therefore, the RFs were stable before the start of the REP series. o.
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Characteristics of Receptive Field Changes After Stimulus Repetition
As just noted, computation of the difference RF functions showed that stimulus repetition with one tone produced decreased responses in RFs at this same frequency in 26/36 sessions. An example of this frequency-specific decrement is presented in Figure 3 (taken from the same session used to illustrate stability in Figure 2 ). Before the REP series ( Figures  3A and 3C) , the BF (i.e., the frequency eliciting the largest response) was 9.0 kHz, and the next largest response was at 19.5 kHz (see arrows). The REP stimulus was 19.5 kHz, responses to which developed a clear decline during the REP series ( Figures 3F and 3G ). The effects of the REP series are seen in the post-REP PSTH and corresponding RF ( Figures  3B and 3D ). Note the decreased response to 19.5 kHz. Of particular interest, the effects are largely confined to the highfrequency range of the REP stimulus. Noteworthy is the relative absence of change in the range of 9-12 kHz, which includes the BF and also other highly effective frequencies ( Figures 3C and 3D ). The difference RF shows the marked decrease at 19.5 kHz ( Figure 3E ). It also shows that imme- 
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32 greatly reduced; the response to the immediately adjacent lower frequency (21.0 kHz) was increased greatly, so that it became the new BF ( Figures 4B and 4D ). Responses to 23 and 24 kHz were decreased less than at the REP frequency, whereas responses to higher frequencies (25, 26, and 28 kHz) were increased. The difference RF function ( Figure 4E) shows that the overall effect of the REP was to produce a notch, centered on the REP frequency of 22.0 kHz, "anchored" by increases at 21 and 28 kHz. The effects of single tone repetition on RFs were assessed statistically for the group average normalized difference RF function and are summarized in Figure 5B . This function shows a decrease of 74% at the frequency of the tone used in the REP series with little or no change at other frequencies.
Quantitative assessment of the frequency band of _ 3 kHz centered on the REP frequency showed that this frequencyspecific decrease in response was statistically significant (Friedman test, x z = 25.447, df= 6, p < .001). Comparison of these data with the pre-REP RF difference function ( Figure  5A ) indicates that the frequency-specific decrement is attributable to the REP treatment rather than to possible instabilities of the RFs.
Data during the REP sessions themselves are summarized in Figure 5C . All sessions were normalized so that the 1st set was designated as the control, and all other sets were expressed as a percentage of the control. The effect of repetition itself caused a decrease in evoked discharges in Sets 2 and 3, reaching asymptote by Set 4 (120 stimuli). 
Possible Octave Effects
Because the frequency domain in the auditory system is often characterized in octaves, we also computed the effect of habituation using this measure. The findings are provided in Figure 5D . Note that the main effect is still clear. Examination of the bandwidth of this frequency-specific decrement at 50% of the maximum decrease of 74% indicates a highly narrow bandwidth of less than 0.125 octave. Also, the octave representation provides evidence of a slight reduction on the low-frequency side of the REP frequency, which extends 0.5 octave, and an increased response at even lower frequencies, from about 0.75 to 1.125 octaves. Evidence of secondary decreased notches is seen at higher frequencies, particularly at 0.5 and 1.0 octaves above the REP frequency. The octave representation shows that the frequency-specific decrease has a narrow bandwidth. It also suggests that a habituation-induced decrement at the repeated frequency affects responses to lower and higher frequencies, differently. Thus, there is facilitation of response near 1.0 octave below the REP that could be due to a release from lateral inhibition that has been weakened by habituation. Reduced responses at 0.5 and 1.0 octaves above the REP frequency suggest that responses to frequencies at higher harmonies of the habituated frequency 
Relationship of Change During Repetition to Receptive Field Plasticity
To determine the relationship between changes in response during the REP series and subsequent frequency-specific RF modifications, the effects for each were tallied. These data are presented in Table 1 . (One session could not be represented in this table because the REP data were lost due to equipment malfunction.) A statistical analysis was nonsignificant (×2 = 4.47, df = 4, p = 0.35), indicating that changes during the REP series were not closely related to changes in the RFs.
Note that a decrease in the RF occurred in 10 sessions for which there was a decrease at the REP frequency in the RF with apparently no change from the beginning to the end of the REP session. To understand how a habituation effect could produce a frequency-specific modification of RFs under such circumstances, a more detailed analysis of the REP data was undertaken. The average data for REP sessions with decreased response between the first and last set were com-" puted separately from those in which there was no change between the first and last sets. In addition, the normalized difference RF functions were also determined separately for the two groups.
The data from the REP series revealed that both groups actually developed a decrement in response early during repeated presentation of a single tone. However, they differed in that the decrease group continued to show a decrement, whereas the no-change group showed recovery of response despite continuation of repeated stimulation ( Figure 6B ). Despite these rather clear differences for the two groups during the REP series, their respective difference RF functions were highly similar ( Figure 6A ). Statistical comparisons indicated no significant difference in the magnitude of decrease at the REP frequency (Mann-Whitney U = 51.5, n = 148, p > .05) or any other frequency ___ 3 kHz of the REP frequency (all U values > 31, all p values > .05). However, each group showed a significant effect due to the REP (Friedman tests: decrement group, x 2 = 21.632, df= 6, p < .01; nondecrement group, x 2 = 12.758, df= 6, p < .05). Therefore, frequencyspecific decreased responses in post-REP RFs develop after single tone repetition in which there was an initial decreased response, regardless of whether the response continued to decrease or recovered to control levels during continual stimulation.
Some Additional Aspects of Frequency-Specific Decrements
Incubation. Although it might be expected that the maximum effect of stimulus repetition would be seen immediately after the REP, frequency-specific decrements actually could continue to develop thereafter. We refer to this effect as incubation. Incubation was studied in the 16 sessions during which more than one RF was determined after the REP series. The incubation effect occurred in 8 session (50%). The length of time to maximal frequency-specific decrement for incubation ranged from 24 to 64 rain.
Two examples of incubation are presented in Figure 7 . During the REP series, responses decreased ( Figure 7A1 ). RFs were obtained four times after the REP series. Responses to the REP frequency were changed little, if at all, in the first post-REP RF but decreased greatly in the second post-REP RF, thereafter recovering toward control levels ( Figure 7A2 ). Different changes at other frequencies sometimes accompanied such incubation. In this example, responses to the tone 3 kHz below the REP frequency increased during the first post-REP RF, then decreased to control levels, whereas responses to the tone 3 kHz above the REP frequency did not change from pre-REP levels ( Figure 7A2) . Figure 7B illustrates an example of incubation for a session in which the REP series was given twice (see later subsection). The responses to the repeated stimulus in both the REPs decreased ( Figure 7B1 ). RFs were obtained six times after the second REP. There was no decrease (actually a slight increase) in the first post-REP RF, followed by decreases to the REP frequency that reached its lowest value in the third post-REP RF, and recovering thereafter ( Figure 7B2 ). Re-"sponses to the frequency 3 kHz below the REP frequency were small or absent, whereas responses to the frequency 3 kHz above the REP increased.
The presence of incubation indicates that the frequencyspecific decrement seen in the post-REP RF were not due to sensory adaptation, refractoriness or some sort of neural "fatigue" because these mechanisms would be expected to produce maximum decreased responses immediately after tone repetition.
Recovery. Recovery of the frequency-specific decrease was studied in 21 sessions that had sufficient post-REF RF determinations. However, recovery was not investigated intensively, and in most cases recording was terminated 60 min after the REP series. Recovery was observed in 17 cases, as estimated by inspection of the magnitude of the response to the REP frequency in the RF compared with its magnitude in RF 1 and RF 2; recovery was defined as occurring in the post-REP RF during which this value returned to the range of responses elicited for this stimulus in RF 1 and RF 2 (pre-REP). Figure 7 shows two examples of multiple post-REP RFs. In Figure 7A2 , recovery was incomplete during the period of recording of four post-REP RFs. Recovery is seen for the session for which data are summarized in Figure 7B2 , aReferenced to the first session using the frequency.
in this case at the fourth post-REP RF (RF 6), with stability thereafter. The shortest recovery time obtained was 15 min. Stability of recovery was not studied systematically, but in one case it was followed for 5 hr.
Effect of frequency selection on replication within subjects. Eight of the subjects that developed a frequency-specific decrement at the REP frequency during their first session also were run at least one additional session. Therefore, it was possible to determine the extent to which the frequencyspecific decrement could be obtained from the same animal on different occasions. A total of 21 sessions were run after the first session. Repeated sessions were divided into those that used the same frequency a second time and those that used a different frequency. 3 The data are presented in Table  2 . Note that 12/14 sessions in which an additional session used a frequency different from that used in the first session also developed a frequency-specific decrease. In contrast, 6/7 sessions in which an additional session used the same frequency failed to develop this effect. The results are statistically significant (x 2 = 7.29, df = 1, p < .01). Therefore, habituation-induced decrements at the REP frequency in RFs are not likely if the same frequency is used but are likely if a different frequency is used.
Robustness of frequency-specific decrements: Additional repetitions.
Insofar as the focus of this investigation was to determine whether habituation produced frequency-specific decreases in RFs, and because habituation effects are known to show spontaneous recovery, it was expected that the first post-REP RF would be obtained during this recovery period. Hence, RF analysis appeared likely to fail to reveal the full effects of habituation. Therefore, it was important to attempt to induce an habituary decrement that was sufficiently robust to be detected after the end of the REP series, when the post-REP RF was determined. During inspection of on-line PSTHs during the REP series, it appeared in several cases that there was little effect on the REP frequency, and it was concluded that insufficient stimuli had been given during the REP. Therefore, another REP was presented. This raises the question of the extent to which the present findings are limited to cases of multiple REPs.
Multiple REPs were presented in 8/26 cases that were categorized as frequency-specific decrements in the RFs. However, the maximum decrements in RFs occurred after the The "same frequency group" includes two cases in which the stimuli were not identical but were only 100 Hz apart. Note that the maximum decrement at the REP frequency occurred in the 2nd post-REP frequency RF [RF 4], with recovery thereafter that had not attained pre-REP values before the termination of recording at the end of 60 rain post-REP. Note also that responses to the other frequencies did not show a decrement below control values, emphasizing the specificity of the decrement. B: Data from a session in which two successive REP series were presented; 1, decreased response in the REP series; 2, maximum decrease at the REP frequency occurred in the third post-REP RF [RF 5] , with recovery at the next RF and stability of recovery during the balance of the recording period. Note that the response to the frequency 3.0 kHz higher than the conditioned stimulus increased after the REP; there were small responses with a slight increase at the frequency 3.0 kHz lower, again underscoring the specificity of the decrement to the REP frequency.) first REP in 3/8 of these cases. Additionally, frequency-specific decrements were obtained in most cases (18/26) in which only a single REP was presented. Therefore, our concern was not well founded. Frequency-specific decrements are sufficiently robust to be evident after the cessation of repeated stimulation, and this effect does not require multiple series of stimulus repetition.
A1. Response During REP
Discussion
The results of this study demonstrate that stimulus repetition produces frequency-specific plasticity in the RFs of neurons in the auditory cortex, specifically a decrease in response to the frequency of the repeated stimulus. RFs are stable before stimulus repetition and change after stimulus repetition. The modifications are large and highly specific: The magnitude of decrease is about 70%, and the bandwidth of the change is on the order of 0.125 octave or less, being largely confined to the frequency of the repeated tone. Frequency-specific RF plasticity is associated with an initial decrease in response during stimulus repetition but does not require attenuated responses at the end of repetition because the magnitude and bandwidth of the effect are the same whether repetition produced a continual decrement in response or an initial decrement followed by recovery during continual repetition. Maximal effects on RFs are not nec-essarily expressed in the first RF obtained after stimulus repetition; rather, incubation (i.e., development of frequency-specific decrement with time after cessation of repetition) was often observed. Finally, the frequency-specific decrements appear to have long-term effects. Decrements did not occur within the same subject in succeeding sessions in which the same frequency was used as the REP frequency; they did develop when a different frequency was used.
The question arises as to whether habituation is the cause of the frequency-specific decrement in RFs. Decreased response in the auditory cortex to a repeated stimulus might be produced by several processes other than habituation: (a) reduced effective stimulus intensity, (b) sensory adaptation, (c) refractoriness, or (d) decreased arousal. However, none of these alternatives can adequately account for the present findings.
Stimulus intensity was controlled by maintaining a fixed relationship between the speaker and the ear canal. Putative contraction of the middle ear muscles (MEM) could reduce stimulus intensity at the tympanic membrane. This is extremely unlikely because MEM contractions during the REP series would have had to be highly patterned in time and degree, to account for changes in response. Moreover, during the post-REP RF determinations, the MEM would have had to contract immediately before the presentation of the frequency used in the REP series to reduce the short-latency onset response in the auditory cortex. Furthermore, they would have had to immediately relax thereafter and repeat this pattern as many as 10 times during each RF determination. When one also considers the very high degree of frequency specificity of the response decrease in the post-REP RF, it is extremely unlikely that MEM action was responsible for the frequency-specific RF plasticity.
Sensory adaptation would require that responses of the cochlea be reduced during the REP series or during presentation of the REP stimulus during post-REP RF determinations. During the REP series, stimuli were presented at the rate of 1/800 ms (1.25 tones/s) at intensities of 40-80 dB. There is no evidence of reduced response in the vestibulocochlear (8th) nerve for such relatively slow rates of stimulus presentation, nor is there evidence of other impairing effects, such as temporary threshold increases, with stimuli of this rate and intensity. Finally, in many cases responses during the REP recovered to control levels by the end of the series, and the RF plasticity was evident in these cases. Adaptation would not be reduced with continual stimulation. Sensory adaptation cannot explain frequency-specific decreases during the post-REP RF determinations either. This process would not be specific to a single frequency and could not explain the incubation effect because adaptation would decrease, not increase, with time after cessation of stimulus repetition.
Neuronal refractoriness should increase with continual stimulation, and so it can explain neither recovery of response during the REP series nor incubation during post-REP RF determinations. Moreover, when subjects received an additional session with the same REP frequency used in a prior session, REP-specific decrements in RFs did not develop. However, such decrements did develop when a new frequency was used. If the REP-specific decrements were caused by adaptation, refractoriness or some unknown "fatigue" process, then they should have developed in additional sessions for a subject regardless of the frequency used for the REP series. Because this was not the case, refractoriness cannot explain the results.
Decreased arousal has been associated with decreased responses of neurons in the auditory cortex (Goldstein, Benson, & Heinz, 1982; Miller, Pfingst, & Ryan, 1982) . Decreased responses have also been found in RF studies of classical conditioning in the guinea pig auditory cortex in circumstances that rule out arousal effects; responses to the frequency of the CS were increased, whereas responses to other (non-CS) frequencies were decreased (Bakin et at., 1988; Bakin & Weinberger, 1990) . It is difficult to conceive of how decreased arousal could account for the frequency-specific decrement observed in this study. A tonic (ongoing) decrease in arousal should reduce responses to all frequencies in the post-REP RF, whereas the decrements were highly specific. Putative decreases in evoked arousal in the RF to the frequency used in the REP series would have a latency too long to alter the 10-50-ms latency onset responses that were measured. Putative phasic anticipatory reduced arousal immediately before the onset of the REP frequency during the post-REP RF determination would require an implausible pattern of decreased and increased arousal to the series of 24 tones presented at the rate of 1.25 tones/s. Finally, this putative pattern would have had to be very discriminative given the high degree of frequency specificity of the decreased response.
In summary, frequency-specific RF decrements cannot be accounted for by changes in stimulus intensity, sensory adaptation, refractoriness, or arousal level. Therefore, we conclude that the RF plasticity is an expression ofa habituatory process? There are some interesting differences between the present findings, which extend studies of habituation to RF analysis, and prior studies. We consider two processes: response decrement and specificity.
Response Decrement During Continual Stimulation
Response decrement during stimulus repetition has been considered the defining characteristic of habituation. Indeed, we expected to observe enduring decrements during the REP 4 A demonstration of"dishabituation" (i.e., increased response to the repeated stimulus after interposition of an intense stimulus) is often considered to be necessary to distinguish between habituatory and nonhabituatory decrements. This criterion has been applied to experimental designs in which RFs have not been determined. The use of RF analysis provides for a measure of expression that is different from that for induction of change. Also, it is not dear whether a demonstration of dishabituation is a sufficient criterion for distinguishing between possible refractory phenomena and habituation because the strong stimulus may increase the excitability of neurons (e.g., via a neuromodulator) thus overcoming decreased response due to a refractory process. Like associative learning, habituation may be distinguished from other phenomena by eliminating all possible other explanations. Additional analysis of characteristics thought to define habituation has been provided by . series and were surprised to find frequency-specific RF decrements during sessions in which the response during the REP series decreased but then returned to control levels. However, RF study forces a reconsideration of the standard simpler design of habituation experiments.
There is an increasing realization that neuronal plasticity involves the separable processes of induction and expression, in a manner analogous to the long-established distinction between learning and perfoianance, respectively, in behavioral studies. For example, this distinction has been demonstrated recently for long-term potentiation (Muller, Joly, & Lynch, 1988) . It has also been discovered in the study of classical conditioning, in which recordings from the same neuron in the auditory cortex were obtained both during conditioning trials (induction of plasticity) and for RFs before and after training (expression of plasticity). Although response change was observed for both measures, the dynamics of change were oiien different (Diamond & Weinberger, 1986 . Differences in the form of plasticity observed during the induction and the expression of plasticity have been explained in terms of the theory of the functional mosaic (for details, see Diamond & Weinberger, 1989) . The basic habituation design of stimulus repetition confounds measures of the induction and the expression of plasticity because the same stimuli are used to produce and to detect change. Behavioral studies of learning often avoid estimating the effects of learning during acquisition because various performance factors may influence response strength during training; instead, the effects are indexed by the expression of learning in later behavioral tests. The same problem is present in studies of habituation (Rescorla, 1988) . But in the basic habituation design, if continual stimulation produced a decrease followed by a return toward control responses, then one might conclude that the habituatory process had been disrupted. However, the habituatory process could well continue to be induced despite another factor that disrupted the expression of habituation during repeated stimulation. Of course, tests for habituatory effects can be made after stimulus repetition (e.g., savings during a later series of stimulus repetition after complete recovery, etc.). RF analysis is fundamentally another type of test accomplished outside of the repetition period itself. The present findings underscore the point that a sustained response decrement during continual stimulation is not necessary for habituation to be induced and expressed at a later time.
Specificity
It has generally been accepted that one of the defining characteristics of habituation is stimulus generalization (e.g., Thompson & Spencer, 1966) , although there are cogent arguments to the contrary (e.g., Hinde, 1970) . A demonstration of generalization is that, after a response decrement during repeated stimulation, presentation of one or more stimuli (usually within the same modality) elicits a smaller response than would presumably be evoked in the absence of the stimulus repetition. The most direct test of the degree of generalization, or conversely the specificity of the habituatory effects, is to obtain responses to different stimuli before and after stimulus repetition.
Previous study of evoked potentials in the auditory cortex during habituation determined responses to two frequencies before and after stimulus repetition with one frequency and found a highly specific decrement to the repeated frequency (Westenberg, Paige, Golub, & Weinberger, 1976; . The use of RF analysis is an extension of this to many tones, permitting a more detailed understanding of the degree of specificity of acoustic habituation. In the present study, stimulus generalization was observed in some cases as smaller decreases at adjacent frequencies (e.g., Figures 3E and 4E) . However, overall the present findings have revealed an unusually high degree of specificity of habituation. As pointed out previously, decrements in the post-REP RFs across the group were largely limited to the frequency used in REP series; the bandwidth of change was estimated as 0.125 octave or less, and the difference in magnitude of decrement between the repeated frequency and adjacent frequencies was very substantial (e.g., Figures 5B  and 6A ). Thus, neuronal acoustic habituation can develop with little or no stimulus generalization.
Possible Mechanisms and Locus of Frequency-Specific Receptive Field Decrements
The present experiment provides direct information concerning neither the mechanisms nor the locus(i) of frequencyspecificity RF decrements. With reference to possible mechanisms, the very high degree of specificity suggests the involvement oflemniscal, tonotopic systems rather than some purely nonauditory, neuromodulatory system. Because mutual lateral inhibitory mechanisms are well documented in sensory systems, specificity may involve this process. Thus, it is reasonable to hypothesize that repeated stimulation promotes the reduction of strength for synapses carrying the repeated frequency. This would also result in greater lateral inhibitory effects for neighboring frequencies released from inhibition. An indication of such a process in seen in Figure  5D , in which increased responses are observed for some frequencies lower than that of the repeated stimulus. The absence of this effect for higher frequencies, however, blunts this argument. Directed experiments on the mechanisms are clearly needed.
With respect to locus or loci of change, there is a long history and extensive literature on habituation and the auditory system that cannot be comprehensively reviewed in the present article. Response decrements during repeated acoustic stimulation have been reported at all levels of the auditory neuraxis. Briefly, there is an unsettled controversy concerning habituation at the level of the cochlear nucleus. Stimulus repetition is reported to result in decreased response at this first auditory nucleus, presumably resulting in decreased responses at all higher levels of the auditory nucleus, presumably resulting in decreased responses at all higher levels of the auditory system (e.g., Brown & Buchwald, 1976; Buchwald & Humphrey, 1972; Halas & Beardsley, 1969; Holstein, Buchwald, & Schwafel, 1969; Kitzes & Buchwald, 1969) . However, response decrements found in the cochlear nuclei (and also higher levels of the brainstem) under similar circumstances have been considered to reflect refractory ruth-er than habituatory processes (Webster, 1969 (Webster, , 1971 Webster & Bock, 1971) . Failures to find response decrements in the cochlear nuclei have also been reported in experiments designed to rule out all nonhabituatory variables (Hall, 1968; Wickelgren, 1968; Worden & Marsh, 1963) . Behavioral habituation of an orienting response (pupillary dilation) does develop in the absence of any decrement at the cochlear nucleus but is accompanied by decreased response at the auditory cortex (Weinberger, Oleson, & Ashe, 1975) .
There seems to be more consensus that response decrements at the medial geniculate nuclei and auditory cortex reflect habituation. For example, even in studies that failed to find response decrements in the cochlear nuclei, superior olivary complex, and inferior colliculus, stimulus repetition appears to produce decreased response in the thalamic auditory system and the auditory cortex (Hall, 1968; Wickelgren, 1968) .
Given this background, it might be concluded that the frequency-specific RF decreases reported here for the auditory cortex simply reflect frequency-specific decrements in the medial geniculate nuclei. In the absence of appropriate analytic experiments, judgement on this point must be withheld. However, this view would not explain how the cortical RF frequency-specific effects developed in many instances despite a recovery of the decreased responses to control levels by the end of the REP period. In any event, it is important to note that the thalamocortical auditory system is reciprocally interconnected, with very dense corticothalamic projections. Accordingly, it would be premature to assume that physiological plasticity found at a lower level of the auditory system would simply be "projected" to higher levels. Rather, this simple "series circuit" assumption may need to be replaced by more sophisticated models of sensory system function including the possibility that the cortex influences its own input. The same considerations would hold for physiological plasticity in other thalamocortical sensory systems.
Some Implications of Habituation and Receptive Field Analysis
The relationship of the present findings to the effects of associative conditioning and sensitization on RFs in the auditory cortex is also of interest. As discussed in the introduction, associative conditioning produces CS-specific increased response with concomitant decreased response to non-CS frequencies; these changes are often large enough to shift the BF to the frequency of the CS (Bakin et al., 1988; Bakin & Weinberger, 1990) . In contrast, although sensitization training also produces increased responses to the CS frequency, it also increases responses to all other frequencies; that is, it produces a general facilitation ofresponsivity (Bakin & Weinberger, 1990) . These differential effects reveal the difference between an associatively induced modification of frequency information or representation of the CS and a general increase in excitability in the absence of change in the frequency information of the CS, respectively.
The present findings of a highly specific decrease in response to the frequency of a repeated stimulus during habituation strongly support the conclusion that habituation produces a change in the representation of frequency information rather than a general decrease in excitability. This informational modification thus provides a complement to that which has been discovered for associative learning in classical conditioning. Habituation, often considered to be the simplest form of learning, indeed a nonassociative form of learning, thus shares with classical conditioning the property of altering the processing of information in the representation of frequency at the level of the auditory cortex. Sensitization may thus be distinct as a basic form of learning in which excitability, but not information processing, is altered.
Although the mechanisms underlying the induction and expression of both informational and excitability changes in learning must be studied and understood, it seems evident that RF analysis applied to neuronal plasticity in learning provides a bridge between the sensory sciences on the one hand and learning and memory on the other hand, two disciplines focused on information processing and representation that have taken separate paths toward these fundamental brain functions.
